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(54) Optical waveguide gratings device with adjustable optical spacing profile 



(57) In accordance with the invention, an optical 
waveguide grating with an adjustable optical spacing 
profile comprises a waveguide grating in thermal con- 
tact with one or more resistive film coatings. A coating 
extends along the length of the grating and its local re- 
sistance varies along the length of the grating. In one 
embodiment, a plurality of overlaping coatings are cho- 
sen so the resistance variation of each is different, there- 



by permitting a variety of heat generation profiles to be 
effected by independent control of the coatings. The dif- 
ferent heat generation profiles, in turn, proportionately 
change the grating geometric spacing and local refrac- 
tive index along the grating length, providing the desired 
adjustable optical spacing profile. Other embodiments 
use resistive films with abruptly changing or periodically 
changing heating variation. 
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D scription 

FIELD OF THE INVENTION 

[0001] The present invention relates to optical 
waveguide grating devices and, in particular, to a 
waveguide grating device wherein the optical path- 
length between successive grating elements (hereinaf- 
ter "optical spacing") can be adjusted with distance and 
time. 

BACKGROUND OF THE INVENTION 

[0002] Optical waveguide gratings with adjustable op- 
tical spacing profiles are potentially valuable compo- 
nents in optical communication systems. Waveguide 
Bragg gratings can provide wavelength-dependent dis- 
persion compensation. If the Bragg grating optical spac- 
ing is adjustable with distance and time, the grating can 
dynamically respond to changing spectral profiles of 
needed dispersion compensation. Long-period 
waveguide gratings can provide wavelength-dependent 
loss. If the long-period grating spacing is adjustable, the 
grating can dynamically respond to changing profiles of 
needed loss. Such adjustable gratings are of particular 
importance for contemplated broad band WDM systems 
where dynamic dispersion and amplitude compensation 
will be required. 

[0003] An optical communication system comprises, 
in essence, a source of information-carrying optical sig- 
nals, a length of optical waveguide for carrying the op- 
tical signals and a receiver for detecting the optical sig- 
nals and demodulating the information they carry. Opti- 
cal amplifiers are typically located along the waveguide 
at regular intervals, and add/drop nodes are disposed 
at suitable locations for adding and dropping signal 
channels. Conventional systems are usually based on 
high purity silica optical fiber waveguide and erbium- 
doped optical fiber amplifiers (EDFAs). Such systems 
introduce small differences in the propagation time and 
transmitted power of different wavelength signal com- 
ponents. For example longer wavelength components 
are subject to slightly longer delay than shorter wave- 
length components (chromatic dispersion) and wave- 
length components off the amplification peak of EDFAs 
will be transmitted with slightly less power. These phe- 
nomena can distort a transmitted pulse and limit band- 
width and/or transmission distance. 
[0004] The performance of high speed WDM systems 
will depend on the ability of the system to compensate 
dispersion and wavelength dependent power fluctua- 
tions. Moreover in high speed systems, dynamic fluctu- 
ations within the system will change th sp ctral profile 
of required dispersion and power compensation as a 
function of time, making it v ry difficult to provide ne d- 
ed compensation with static devices. 
[0005] A typical Bragg grating comprises a length of 
optical waveguide, such as optical fiber, including a plu- 



rality of perturbations in the index of refraction substan- 
tially equally spaced along the waveguide length. These 
perturbations selectively reflect light of wavelength k 
equal to twice the spacing A between successive per- 

5 turbations times the effective refractive index, i.e. X = 
2n eff A, where X is the vacuum wavelength and n eff is the 
effective refractive index of the propagating mode. The 
remaining wavelengths pass essentially unimpeded. If 
the geometric spacing between successive perturba- 

10 tions changes as a function of distance into the grating 
(the grating is "chirped") different wavelengths will travel 
different distances into the grating before they are re- 
flected. Thus chirped gratings provide different propa- 
gation delays to different wavelengths, and their geo- 

15 metric spacings can be chosen to compensate the com- 
ponents of a dispersed signal, i.e. the spacing can be 
chosen so that all spectral components receive the 
same total delay (See F. Ouellette, "Dispersion cancel- 
lation using linearly chirped Bragg filters in optical 

20 waveguides", 1 2 Optics Letters 847-849 (1 987)). 

[0006] A typical long-period grating couples optical 
power between two copropagating modes with very low 
back reflections. It comprises a length of optical 
waveguide wherein a plurality of refractive index pertur- 
bs bations are spaced along the waveguide by a periodic 
distance A' which is large compared to the wavelength 
X of the transmitted light. In contrast with conventional 
Bragg gratings, long-period gratings use a periodic ge- 
ometric spacing A' which is typically at least 10 times 

30 larger than the transmitted wavelength, i.e. A' > 10A,. 
Typically A' is in the range 15-1500 micrometers, and 
the width of a perturbation is in the range 1/5 A' to 4/5 
A'. In some applications, such as chirped gratings, the 
spacing A' can vary along the length of the grating. 

35 Long-period gratings are particularly useful for equaliz- 
ing amplifier gain at different wavelengths of an optical 
communications system. See, for example, United 
States Patent No. 5,430,817 issued to A.M. Vengsarkar 
on July 4, 1995, which is incorporated herein by refer- 

40 ence. 

[0007] A shortcoming of waveguide gratings as dis- 
persion and power spectrum compensation devices is 
that they are permanent and narrow band. The spacing 
between successive perturbations is fixed in manufac- 
45 ture, fixing the compensating characteristics of the grat- 
ing. High speed systems, however, require dynamic 
compensation. 

[0008] One approach to providing waveguide gratings 
capable of dynamic compensation is to provide a plural- 

50 ity of electrical heaters along the length of the grating. 
Each heater is independently controlled to adjust the 
portion of the grating local to the heater by heating the 
waveguide material. Such heating thermally expands 
the material to change the geometric spacing between 

55 perturbations and also changes the index of refraction. 
It thus changes the optical path length between pertur- 
bations. Th difficulty with this approach is that it re- 
quires many tiny heaters and many tiny connections and 
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controls. Failure of any one heater connection along the 
sequence can be serious, 

[0009] Another approach is set forth in EP-A-0 997 
764. 

[0010] Here the grating is provided with a film of line- 
arly varying electrical resistance. Application of a cur- 
rent to the film generates a linearly varying amount of 
heat along the length of the grating. A second uniform 
resistance film may be separately controlled to vary the 
average heat generated. This approach works well in 
simple systems where the needed compensation is of a 
known spectral slope. But because the heat generation 
is monotonic with distance, the device does not adjust 
well to systems where even the spectral slope of needed 
compensation can change. Accordingly there is a need 
for improved optical waveguide grating device wherein 
the optical pathlength between successive grating ele- 
ments can be adjusted with distance and time. 

SUMMARY OF THE INVENTION 

[0011] In accordance with the invention, an optical 
waveguide grating with an adjustable optical spacing 
profile comprises a waveguide grating in thermal con- 
tact with one or more resistive film coatings. A coating 
extends along the length of the grating and its local re- 
sistance varies along the length of the grating. In one 
embodiment, a plurality of overlaping coatings are cho- 
sen so the resistance variation of each is different, there- 
by permitting a variety of heat generation profiles to be 
effected by independent control of the coatings. The dif- 
ferent heat generation profiles, in turn ; proportionately 
change the grating geometric spacing and local refrac- 
tive index along the grating length, providing the desired 
adjustable optical spacing profile. Other embodiments 
use resistive films with abruptly changing or periodically 
changing heating variation, 

BRIEF DESCRIPTION OF THE DRA WINGS 

[0012] The nature, advantages and various additional 
features of the invention will appear more fully upon con- 
sideration of the illustrative embodiments now to be de- 
scribed in connection with the accompanying drawings. 
In the drawings: 

Figs. 1 A and 1 B are schematic longitudinal and ax- 
ial cross sections of an exemplary waveguide grat- 
ing device with an adjustable optical spacing profile; 
Fig. 2 is a schematic graphical illustration of the re- 
sistance profiles of the resistive film coatings in the 
device of Figs. 1A and 1B; 
Figs. 3A and 3B ar schematic views of a second 
embodiment of a waveguide grating with an adjust- 
able optical spacing profile; 
Fig. 4A, 4B, 4C and 4D are graphical illustrations of 
temperature profiles which can b achieved by the 
device of Figs. 3A and 3B; 



10 



Fig. 5 illustrates a tunable phase shifted fiber grat- 
ing; 

Figs. 6A and 6B are graphical illustrations showing 
typical reflection spectra for the Fig. 5 device; 
Fig. 7 illustrates a tunable superstructure grating; 
and 

Figs. 8A, 8B and 8C illustrate typical reflection spec- 
tra of the Fig. 7 device; and 
Fig. 9 is a schematic diagram of a portion of an op- 
tical network useful in understanding a preferred 
application of the inventive device. 



[0013] It is to be understood that these drawings are 
for purposes of Illustrating the concepts of the invention 
is and are not to scale, 

DETAILED DESCRIPTION 

[0014] This disclosure is divided into four parts. Part 
20 | describes waveguide grating devices having multilayer 
heating films permitting control of heat generating pro- 
files. Part II describes a device having an abruptly 
changing heating film to provide tunable phase shifting. 
Part Hi describes a device with a heating film to form a 
25 tunable superstructure grating, and Part IV describes a 
preferred application for gratings in accordance with the 
invention. 

I. Grating Devices With Multilayer Heating Films 
30 Permitting Control of Heat Generating Profiles 

[0015] Referring to the drawings, Fig. 1A is a sche- 
matic longitudinal cross section of an exemplary 
waveguide grating device 7 with a heating profile that is 

35 adjustable in both time and in space along the grating x 
direction. The device 7 comprises a length of optical 
waveguide 8 (here optical fiber) comprising a cladding 
9 and a core ^Including an optical grating 11 . The grat- 
ing comprises* a sequence of refractive index perturba- 

40 tions 1 2. The grating 1 1 is thermally coupled to a multi- 
layer heater 13 comprising a plurality of layers of resis- 
tive film 14A, 14B, 14C and 14D, The resistive films are 
separated by thin insulating layers 15A, 15B, 15C and 
are connected to respective power sources (not shown) 

45 for independently passing electrical current through 
each film along the length of the grating 11 , 
[0016] Fig. 1B shows the axial cross section along the 
line A-A\ Each resistive film 14A, 14B, 14C, 14D is char- 
acterized by a resistance which is a function of the dis- 

so tance x along the grating. Preferably the resistance of 
each film varies as a differentfunction of x so that a wide 
variety of heating profiles along x can be generated by 
ind p ndent control of the current applied to ach film. 
For example, film 14A can be of constant resistance (e. 

55 g. constant thickness), film 14Bcan be of increasing re- 
sistance (linearly decreasing thickness), film 14C can 
be of decreasing resistanc (linearly increasing thick- 
ness) and film 14D can have a resistance which de- 
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creases quadratic with distance away from the grating 
center, a (e.g. the thickness is 1/(x-a) 2 ). Fig. 2 graphi- 
cally illustrates the variation in local resistance of each 
film as a function of x. 

[0017] With this arrangement, the local heat generat- 
ed is approximately the summation of the local heat gen- 
erated by the four films, and the expansion of the optical 
pathlength between grating perturbations is approxi- 
mately proportional to the local temperature. Since the 
four films provide heat generating profiles that are con- 
stant, proportional to ±x and proportional to (x-a) 2 : re- 
spectively, a wide variety of optical spacing profiles can 
be approximated by supplying different relative levels of 
power to the different films. 

[0018] More generally, the temperature in the core of 
the fiber to a good approximation can be written as the 
linear combination of the temperature profiles 

r(x) = ir n (x) 

where T n (x) is the temperature profile induced by the 
nth film. In the case of the ultra thin films, (Ax(x)«cr)... 
where d is the fiber radius, the local temperature is given 
by: AT n (x)= 1/f„(x). 

[0019] In the most general case an arbitrary temper- 
ature profile can be obtained using a sum of orthogonal 
functions. An appropriate basis set can be found in any 
mathematical handbook. As an example, consider a 
Taylor series expansion, which is simply expanding in 
terms of polynomials, i.e. 



T(x)=I 



n\ 



In the case of Figs. 1 A and 1 B, the series of films would 
be as follows: a) uniform film to provide DC offset; b) 
tapered film, with +1 /x variation to provide positive chirp; 
c) tapered film, with -1/x thickness variation to provide 
negative chirp; d) a film with a 1/(x-a) 2 thickness varia- 
tion. The concept could be extended to e) 1/x 3 , etc. Al- 
ternatively, the thickness can be varied to provide a plu- 
rality of Fourier components. 

[0020] The resistive films of controlled thickness 
along x can be made in a variety of ways. Films which 
extend peripherally around the fiber waveguide (as 
shown in Figs. 1A and 1B) can be electroplated while 
the fiber is pulled at a fixed or variable rate from the bath 
to produce a coating whose thickness varies along the 
length of the grating. The preferred resistive films are 
sikv r. Th electroplating of variable thickn ss silver 
films on fibers is described in d tail in the EP-A-O 997 
764. 

[0021] The resistive films need not extend entirely 
around th periphery of the fiber (or planar waveguide) 
and each film can be formed with a controlled variable 
thickness along the grating by disposing the fiber in po- 



sition for receiving coating metal from a metal source 
and depositing metal on the fiber while moving a shadow 
mask between the fiber and the source to provide pat- 
terning of the deposited metal on the fiber. Coating of 

5 variable thickness metal films on fibers by shadow 
masking is described in detail in EP-A-1 030 197, 
[0022] Fig. 3A illustrates a simplified form of the Fig. 
1 device wherein the constant resistance film 14A and 
the quadratic resistance film 14D have been omitted. 

10 The films 14B and 14C exhibit resistance profiles pro- 
portional to x and -x, respectively. 
[0023] Fig. 3B is a perspective view of the Fig. 3A de- 
vice showing the leads 30 for interconnection with inde- 
pendent power supplies 31 A and 31 B. This device is 

is particularly useful in dispersion compensation, as chirp 
spacings can be induced for both positive slope disper- 
sion compensation and negative slope dispersion com- 
pensation. 

[0024] Figs. 4A-4D are graphical illustrations of tem- 
20 perature profiles which can be achieved in the devic of 
Figs. 3A and 3B. Fig. 4A shows the change in temper- 
ature as a function of distance from the grating center 
for three different levels of power to film 14B. Fig. 4B 
shows the temperature profile for throe different levels 
25 of power to film 1 4C. Fig. 4C shows three profiles which 
can be achieved by coordinated levels of power to both 
films 14B and 14C: Fig. 4D shows three additional pro- 
files achievable by coordinated levels of power to both 
films. 

30 

II. Tunable Phase Shifted Grating Devices 

[0025] Fig. 5 illustrates a tunable phase-shifted fiber 
Bragg grating 50 comprising a length of fiber 51 contain- 
35 ing a grating 52 and a heating film 53 having an abrupt 
high resistance region 54 at an interior region of the grat- 
ing 52. 

[0026] The Fig. 5 device can be fabricated by depos- 
iting a first thin uniform film (typically 400 angstroms 

40 thick) along the length of grating 52 using an e-beam 
evaporation. A small amplitude mask (typically 3 mm 
long) can then be placed over region 54 between the 
grating- and the evaporator, and a thicker second film 
(typically 1 micrometer) can be deposited in contact with 

45 the first film on either side of the mask. This produces a 
composite film 53 comprising two thick (lower resist- 
ance) segments on both sides of a thin (high resistance) 
region 54. 

[0027] In operation, current through the composite 
so film heats the thin interior region 54 to a much higher 
temperature than the rest of the grating. This introduces 
a phase shift between the two sections of the grating. 
The magnitude of the phas shift is a function of the tem- 
perature change and thus the applied voltage. The 
55 phase shift manif sts in a narrow resonance in the re- 
flection spectrum. 

[0028] in an alternative embodiment, two thin (higher 
resistance) segments can be disposed on both sides of 
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a thick (lower resistance) region. 
[0029] Fig. 6A is a reflection spectrum of a typical con- 
ventional Bragg grating without phase tuning. There are 
no significant resonances within the broad reflection 
band. 

[0030] Fig. 6B is a reflection spectrum of a typical 
Bragg grating according to Fig. 5. It includes a phase 
shift induced resonance 60. The reflectivity and spectral 
position of the resonance 60 can be controlled by the 
voltage applied to the heating film 53. Such character- 
istics have important applications in fiber lasers, fiber 
sensing devices and filtering. 

III. Tunable Superstructure Gratings 

[0031] A superstructure grating is one wherein the 
grating is subject to an additional periodic variation in a 
parameter such as period or refractive index. The vari- 
ation has a period which is large compared to the grating 
geometric spacing. Conventional superstructure grat- 
ings are not tunable. 

[0032] Fig. 7 illustrates a tunable superstructure fiber 
grating 70 comprising a length of fiber 71 containing a 
grating 72 and a heating film 73 having a periodic se- 
quence of high resistance regions 74. 
[0033] The Fig. 7 device can be fabricated by depos- 
iting a first thin uniform resistive film along the length of 
the grating. A second film is then deposited through a 
periodic amplitude mask. The resulting composite film 
thickness varies periodically along the length of the grat- 
ing. A representative device can have a period of 1 .5 
mm with a duty cycle of 33%. The ratio of film thickness 
can be 50:1 . 

[0034] In operation, the application of current to the 
resistive film produces a periodic heat distribution which 
is much larger than the geometric spacing of the grating. 
This superlattice of periodic structures gives rise to side- 
band reflection lobes whose strength is dependent on 
the thermal gradient between the relative heated and 
unheated parts of the grating. The spectral position of 
the lobes is dependent on the period of the heating film. 
[0035] Figs. 8A, 8B and 8C are graphical illustrations 
of the reflection spectrum of such a tunable superstruc- 
ture grating. Fig. 8A shows the spectrum with no voltage 
applied to the film. Fig. 8B shows the spectrum with 5 
volts applied and Fig. 8C shows the effect of 10 volts. 
As can be seen, the reflectivity of the side lobes can be 
dynamically adjusted by varying the applied voltage. 
Such devices are useful in WDM lightwave systems to 
permit tunable reflectivity for equally spaced sidebands. 

IV. Pr f rred Applications ftheTunabl Gratings 

[0036] A preferred n twork application of the tunable 
grating devices disctos d h rein is to adjust a signal for 
path dependent amplitude and phase distortion. Fig. 9 
is a schematic diagram of a portion of a network 90 hav- 
ing a pair of add/drop modules designated ADM-1 and 



ADM-2, including a receiver 92 at th drop output of 
A ; '.-2. A tunable grating device 93 for reasons to be 
explained, is advantageously disposed between the 
drop output of ADM-2 and the receiver 92. 
5 [0037] In networks incorporating add/drop modules., 
a wavelength channel may reach the receiver via differ- 
ent paths. Consider, for example, a channel added at 
ADM-1 , and received at the drop port of ADM-2. We can 
designate this as path 1 . The total amplitude distortion 
10 and phase distortion incurred in path 1 is predominately 
the sum of the distortions of ADM-1 in its add configu- 
ration and ADM-2 in its drop configuration. But the same 
wavelength channel could also reach the receiver via a 
second path, path 2, where the distortions would be the 
*5 sum of the distortions of ADM-1 in its through configu- 
ration and ADM-2 in its drop configuration. The distor- 
tions for these two different paths would in general be 
different, and device 7 can be tuned differently for each 
scenario to permit optimum recovery of the signal in 
20 each case. 

[0038] A second preferred application of the tunable 
grating devices disclosed herein is compensation of dis- 
persion and dispersion slope. Dispersion slope is the 
wavelength dependence of the dispersion. Dispersion 
25 slope is inherent in ail fibers and can limit systems per- 
formance. In particular in multi -wavelength systems 
(WDM) different channels acquire different amounts of 
dispersion, and thus need different amounts of disper- 
sion compensation. This is usually accomplished using 
30 specialty fibers that have prescribed dispersions and/or 
optical components fibers have a given dispersion 
slope. At these lower bitrates the dispersion within a 
channel is still to a very good approximation constant. 
[0039] At very high bitrates (>40 Gbit/s) dispersion 
35 siope manifests within the channel bandwidth. This is 
because the channel occupies enough bandwidth such 
that the dispersion varies even over the narrow wave- 
length range of the'sjngle channel. Dispersion slope in 
this context manifests in pulse distortion, in particular 
40 pulse asymmetry and ultimately inter-symbol interfer- 
ence. Thus there is a need for dispersion compensation 
devices that can provide dispersion slope for a single- 
channel. Desirably the device should be adjustable such 
that the dispersion and dispersion slope can be opti- 
45 mized independently to allow for minimum bit-error rate. 
[0040] The tunable gratings of the invention can pro- 
vide such independent control of dispersion and disper- 
sion slope. A first film that varies inversely with position 
can provide a tunable level of dispersion and one or 
so more additional films providing tunable nonlinear chirp 
can permit tuning the dispersion slope. 
[0041 ] It is to be understood that the above-described 
mbodim nts ar illustrative of only a few of th many 
possible specific embodiments which can represent ap- 
55 plications of the principl s of th invention. Numerous 
and varied other arrangements can be readily devised 
by those skilled in the art without departing from the . 
scope of the invention. 
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Claims 

1. An adjustable optical waveguide grating device 
comprising: 

a length of optical waveguide including an op- 
tical grating comprising a plurality of spaced re- 
fractive index perturbations; and 
a plurality of electrically resistive films in ther- 
mal contact with the waveguide each extending 
along the optical grating, at least two said re- 
sistive films exhibiting different resistance ver- 
sus length profiles and connected to separately 
controllable sources of electrical power, where- 
by the heat versus length profile along the grat- 
ing can be adjusted to vary the optical path- 
length between successive perturbations along 
the length of the grating. 

2. An adjustable grating device according to claim 1 
wherein the optical grating is a Bragg grating. 

3. An adjustable grating device according to claim 1 
wherein the optical grating is a long period grating. 

4. An adjustable grating device according to claim 1 
wherein a first of said plurality of resistive films has 
a resistance profile which varies inversely with dis- 
tance along the grating. 

5. An adjustable grating device according to claim 4 
wherein a second of said plurality of resistive films 
has a resistance profile which varies inversely with 
distance in the opposite direction from the first film. 

6. An adjustable grating device according to claim 5 
wherein a third of said resistive films has a resist- 
ance profile which varies inversely as the square of 
distance from a point along said grating. 

7. An adjustable grating device according to claim 6 
further comprising a resistive film having a resist- 
ance profile which is constant with length. 

8. An adjustable grating according to claim 7 wherein 
the resistive film having a constant resistance pro- 
file is less than the length of the grating. 

9. An adjustable grating according to claim 1 wherein 
the plurality of resistive films have resistance versus 
length profiles which form a basis set of profiles, 
whereby control of the electrical power applied to 
th resp ctive films gen rates a superimpos d ap- 
proximation of an arbitrary h at versus length pro- 
fil along the grating. 



a length of optical waveguide including an op- 
tical grating comprising a plurality of spaced re- 
fractive index perturbations; and 
a resistive film in thermal contact with the 

s waveguide, the film comprising a region of a 

first resistance disposed between a pair of re- 
gions of a second resistance, said film connect- 
ed to a controllable source of electrical power, 
whereby a tunable phase shift can be intro- 

10 duced in the waveguide between said pair of 

regions. 

11. The device of claim 10 wherein the first resistance 
is higher than the second resistance. 

15 

12. An adjustable optical waveguide grating device 
comprising: 

a length of oplical waveguide including an op- 
20 tical grating comprising a plurality of refractive 

index perturbations spaced apart by a first pe- 
riodic spacing: and 

a resistive film in thermal contact with the 
waveguide, the film comprising a relatively low 

25 resistance film including a plurality of relativ ly 

high resistance regions spaced along the film 
at a second periodic spacing which is larger that 
the first periodic spacing, 
said resistive film connected to a controllable 

30 source of electrical power, whereby the resis- 

tive film produces a periodic heat distribution in 
which the periodic variation is larger than the 
spacing of the grating. 

35 



40 



45 



50 



55 



10. An adjustabl optical waveguide grating device 
comprising: 
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FIG. 4 A 
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FIG. 4C 
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